The brain is the most common metastatic site of lung adenocarcinoma; however, the mechanism of this selective metastasis remains unclear. We aimed to verify the hypothesis that exposure of tumor cells to the brain microenvironment leads to changes in their gene expression, which promotes their oriented transfer to the brain. A549 and H1299 lung adenocarcinoma cells were exposed to human astrocyte-conditioned medium to simulate the brain microenvironment. Microarray analysis was used to identify differentially expressed genes, which were confirmed by quantitative real-time PCR and western blotting. Knockdown experiments using microRNAs and the overexpression of genes by cell transfection were performed in addition to migration and invasion assays. In vitro findings were confirmed in clinical specimens using immunohistochemistry. We found and confirmed a significant increase in insulin-like growth factor binding protein-3 (IGFBP3) levels. Our results also showed that the up-regulation of IGFBP3 promoted A549 cell epithelial-mesenchymal transition, migration, and invasion, while the knockdown of IGFBP3 resulted in decreased cell motility. We also found that Transforming growth factor-β (TGF-β)/Mothers against decapentaplegic homolog 4 (Smad4)-induced epithelial-mesenchymal transition was likely IGFBP3-dependent in A549 cells. Finally, expression of IGFBP3 was significantly elevated in pulmonary cancer tissues and intracranial metastatic tissues. Our data indicate that up-regulation of IGFBP3 might mediate brain metastasis in lung adenocarcinoma, which makes it a potential therapeutic target.
INTRODUCTION
Lung cancer is the leading cause of cancer-related deaths (Siegel et al., 2016) , of which most are caused by distant metastases (Dragoj et al., 2017) . The brain is the most common metastatic site of lung cancer. Among the cell types of non-small cell lung cancer (NSCLC), non-squamous cell tumors are especially linked to metastatic disease in the brain (Mujoomdar et al., 2007; Sul and Posner, 2007) . Conversely, more than half of all brain metastasis originate from lung cancer (Budczies et al., 2015) . In spite of recent progress in clinical diagnosis and treatment of NSCLC, effective therapeutic strategies targeting metastasis remain highly inadequate (Yousefi et al., 2017) . Therefore, an in-depth understanding of the mechanism underlying NSCLC brain metastasis is crucial to identify new therapeutic targets and improve the prognosis of lung cancer.
Insulin-like growth factor binding protein-3 (IGFBP3) is the primary carrier of insulin growth factors (IGFs) in the circulation (Jogie-Brahim et al., 2009) . Abnormal expression of IGFBP3 has been linked to the pathogenesis of cancers. Numerous previous studies focused on tumor suppressor activities of IGFBP3 (Jogie-Brahim et al., 2009; Li et al., 2012) , but pro-tumor effects of IGFBP3 have been reported in esophageal carcinoma (Takaoka et al., 2004) , breast cancer (Vestey et al., 2005) , and oral squamous cell carcinoma (Yen et al., 2015) . In addition, liver metastasis of pancreatic endocrine cancer (Hansel et al., 2004) and the distant metastasis of nasopharyngeal carcinoma (Bao et al., 2016) are associated with increased IGFBP3. However, the effects of IGFBP3 on brain metastasis of NSCLC have been rarely reported.
In the current study, we investigated the functional correlations between IGBBP3 and brain metastasis of lung adenocarcinoma using human tissue specimens and cell culture experiments. Our data indicated that IGFBP3 might mediate brain metastasis of lung adenocarcinoma.
MATERIALS AND METHODS

Cell culture and treatment
The human lung adenocarcinoma (LUAD) cell lines A549 and H1299 were obtained from the experimental Medicine Center, at the affiliated hospital of Southwest Medical University (Luzhou, China). The human astrocyte cell line HA1800 was obtained from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China). All cells were maintained at 37℃ in 5% CO 2 . Unless otherwise noted, cells were cultured in complete medium containing RPMI 1640 (Hyclone, USA) supplemented with 10% fetal bovine serum (FBS; Gibco, USA) and penicillin/streptomycin (Beyotime Biotechnology, China). Depending on the cell line, the cultures were passaged every 3-4 days using Trypsin-EDTA Solution (Beyotime Biotechnology) for cell detachment. Confluent cultures of A549 cells were maintained in RPMI containing 0.1% FBS for 24 h prior to stimulation with recombinant human TGF-β1 (PeproTech, USA) and then stimulated with 5 ng/ml of TGF-β1 for 48 h.
Preparation of conditioned medium A549 cells, H1299 cells, and HA1800 cells were cultured to 50-60% confluency, the medium containing 10% FBS was then removed and replaced with medium containing 1% FBS, and the cells cultured for 48 h at 37℃. The A549 culture medium (A549-CM), H1299 culture medium (H1299-CM) and HA1800 culture medium (HA1800-CM) were then collected. The culture medium was filtered through 0.22 μm filters (JET BIOFIL, China) and stored at -80℃ until further use.
Wound healing assay A549 cells or H1299 cells were plated onto six-well plates. When the cell confluency reached 90%, the cell monolayers were incubated in serum-free medium for 12 h. Confluent cells were wounded using a 200 μL sterile pipette tip to ensure similar scratch widths for each well. The cells were then rinsed with phosphate-buffered saline (PBS; Maxim, China) to remove free-floating cells and debris. Finally, conditioned medium was added to each well and the cells incubated at 37℃. Wound healing was monitored, and representative scrape-lines were photographed at various time points.
Microarray data analysis
Total RNA was isolated using TRIzol reagent (Tiangen, China). The RNA quality testing, IVT target preparation (GeneChip 3' IVT PLUS Kit), and GeneChip hybridization and scanning were commercially performed by Genechem (China). Micro RNAs (miRNAs) displaying more than a 2-fold change in expression were considered significant. The major instruments included the Thremo Nanodrop 2000 spectrophotometer, Agilent 2100 Bioanalyzer, Affymetrix GeneChip Hybridization Oven 645, Affymetrix Fluidics Station 450, and Affymetrix GeneChip Scanner 3000.
Quantitative real-time reverse transcription-polymerase chain reaction (qRT-PCR) Total RNA was extracted using an RNA extraction kit (Tiangen), and the samples were stored at -80℃. The concentration of RNA was measured using a NanoDrop ND-1000 spectrophotometer. Reverse transcription was performed using a cDNA Reverse Transcription Kit (Toyobo, Japan) under the following conditions: pre-denaturation at 65℃ for 5 min, 37℃ for 15 min, 50℃ for 5 min, and 98℃ for 5 min. The reaction components were added using a SYBR Green Real- Transient RNA interference Short interfering RNA (siRNA) designed against IGFBP3 (si-BP3) and nonspecific si-RNA (Con) used as negative control were purchased from RiboBio (China). A total of 3 × 10 5 A549 cells/well were cultured in 6-well plates and transfected with 5 μL siRNA or negative control, diluted with 120 μL 1× riboFECT CP Buffer (RiboBio). Then, 12 μL of riboFECT CP Reagent (RiboBio) was added. Finally, the volume was adjusted to 2.0 mL with serum-free medium. At 48 h posttreatment, the cells were harvested and evaluated by qRT-PCR and used in subsequent experiments. The siRNA designed against Smad4 (si-Smad4) and nonspecific siRNA (con) used as negative control were also purchased from RiboBio and transfected into cells using the same transfection process as above.
Transwell assays
Invasion and migration assays were performed using 6.5-mm diameter polycarbonate membranes with 8.0-μm pores (USA) with 30 μL Matrigel (BD Biosciences, USA) for the invasion assays and without Matrigel for the migration assays. In brief, cell suspensions (4 × 10 4 ) prepared in 200 μL serum-free medium were added into the upper chambers of the 24-well transwell culture plates for 3 h with 600 μL of complete medium containing 10% FBS being placed in the lower chambers. The cells were incubated for 24 h at 37℃ to allow the cells to migrate or invade through the membrane filter. Next, the non-migratory and non-invasive cells on the upper surface were gently removed using a cotton swab. The cells that had invaded or migrated to the lower surface of the membrane were stained with 0.5% crystal violet solution (Beyotime Biotechnology) for 15 min and the cells counted using a light microscope (Nikon, Japan). Finally, cells in four random microscopic fields at 100× magnification were counted and photographed. All experiments were independently repeated in triplicate.
Western blot analysis
Proteins were extracted from the cells using RIPA buffer (Beyotime Biotechnology, China) complemented with 1% phenylmethylsulfonyl fluoride (PMSF; Beyotime Biotechnology) as a protease inhibitor. For western blot analysis, the protein extracts were subjected to electrophoresis using 10% SDS-PAGE and transferred onto polyvinylidene fluoride (PVDF) membranes (Beyotime Biotechnology). Immunoblots were blocked with 5% non-fat milk in TBS/Tween 20 (TBST; Beyotime Biotechnology) and incubated with primary antibodies overnight at 4℃. The primary antibodies included anti-IGFBP3 (1:500, Santa Cruz Biotechnology, USA), anti-Ecadherin (1:1000, Cell Signaling Technology, USA), anti-Ncadherin (1:1000, Cell Signaling Technology), anti-Smad4 (1:1000, Abcam, USA), and anti-α-tubulin (Beyotime Biotechnology)(1:1000, Beyotime Biotechnology). The membranes were washed with 0.1% TBST and then incubated with the appropriate secondary antibodies (Beyotime Biotechnology) for 1 h at room temperature. The bands were visualized using the Chemilmanger (TM) 5500 System (Alpha Innotech, USA). The gray value was calculated using Image J software. The experiments were repeated three times.
Tissue specimens
Patient specimens used in the study were retrieved from the archival files of the Department of Pathology, Affiliated Hospital of Southwest Medical University. A total of 15 normal lung tissue specimens and 48 specimens from patients with LUAD who had undergone no preoperative treatment and included 15 non-metastatic pulmonary cancer tissue specimens, 10 brain-metastatic pulmonary cancer tissue specimens, 15 other metastatic pulmonary cancer tissue specimens, and 8 brain metastatic lesion specimens. All human tissues were collected using protocols approved by the Ethics Committee of Affiliated Hospital of Southwest Medical University.
Immunohistochemistry (IHC)
Paraffin-embedded, 4-μm-thick tissue sections from 63 specimens were stained for IGFBP3. All of the sections were deparaffinized in a series of xylene baths and rehydrated using a graded alcohol series. The sections were then immersed in methanol containing 0.3% hydrogen peroxide for 20 min to block endogenous peroxidase activity and incubated in 2.5% blocking serum to reduce nonspecific binding. Sections were incubated overnight at 4℃ with the primary anti-IGFBP-3 antibody (1:50, Abcam). Next, the sections were incubated with horseradish peroxidase (HRP)-labeled secondary antibodies (Beyotime Biotechnology) at 37℃ for 30 min and visualized with a 3,3′-diaminobenzidine (DAB) detection kit to yield a dark brown color. The sections were observed by light microscopy (Leica TE2000-S Microscope, Japan). Representative areas of each tissue section were selected, and the cells were counted in at least four random-ly selected fields (at 100× and 200×) . The IGFBP3 labeling index was defined as the percentage of tumor cells displaying cytoplasmic immunoreactivity and was calculated by counting the number of IGFBP3-positive stained tumor cells per total number of cells from the representative areas of each tissue section. In this study, a 25% labeling index as a cutoff point was used. On the basis of the results of the immunohistochemical staining, tissue sections showing more than 25% of positive staining were considered overexpressing of IGFBP3. All of the slides of tissues were independently evaluated and scored by two pathologists who were blinded to the clinical information of the subjects.
Statistical analysis
All statistical analyses were performed using SPSS 17.0 software. Unless otherwise noted, all data were expressed as mean ± standard error of the mean (SEM). Statistical significance between two groups was ascertained using two-tailed 
RESULTS
HA1800 conditioned medium up-regulated IGFBP3 expression in Lung adenocarcinoma cells
In the metastatic process, the microenvironment of the metastatic sites plays an important role for tumor cells to invade the target tissues (Fidler et al., 2002) . We evaluated changes in the migration capacity of tumor cells cultured in a simulated brain microenvironment by using A549 cells exposed to HA1800-CM (experimental group) and A549-CM (control group). We then performed the wound-healing experiments by scratching the cell monolayers on the second day and monitoring the scratch healing for four consecutive days. The results demonstrated that the healing ability of the cells treated with HA1800-CM in the experimental group was significantly improved compared to that in the control group with the most significant difference being observed on the 4 th and 5 th day of healing. The relative wound closure rates, expressed as the percent closure, were 68.4 ± 1.6 for the experimental group and 37.75 ± 1.8 for the control group on the 4 th day, and 88.17 ± 2.7 for the experimental group and 54.67 ± 3.6 for the control group on the 5 th day (Figs.  1A and 1B) . Since HA1800-CM promoted the migration of A549 cells, we then explored the effect of the simulated brain microenvironment on the gene expression in lung cancer cells by microarray analysis. Both the experimental and control groups were evaluated by microarray gene analysis. According to the microarray analysis, the number of differentially expressed genes between the two groups was 4,145. 1,946 genes were up-regulated (ratio > 2.0) and 2,199 genes were down-regulated (ratio < 0.5). The results showed that levels of IGFBP3, NDRG1, and other related transcripts in the experimental group were significantly higher than those in the control group (Fig. 1C) . IGFBP3 increased 58.3-fold, which was the most increased gene. The role of IGFBP3 in the brain metastasis of lung cancer has been rarely reported, hence in the current study, we chose to consider IGFBP3 to confirm further that IGFBP3 expression levels were significantly up-regulated in the experimental groups compared with those in the control groups, as demonstrated by qRT-PCR (Fig. 1D ) and western blot analyses (Fig. 1E) . Intriguingly, in line with the results from the wound healing experiment, IGFBP3 was significantly upregulated on 4 d and 5 d post-treatment. To investigate whether the simulated brain microenvironment has the same effect on IGFBP3 in other lung adenocarcinoma cells also, we exposed H1299 lung adenocarcinoma cells to the brain microenvironment, and measured the migration ability changes by wound-healing experiments and the expression of IGFBP3 by qRT-PCR and western blot analyses. The relative wound closure rates, expressed as the percent closure, were 65.18 ± 2.165 for the experimental group (HA1800-CM) and 39.43 ± 1.543 for the control group (H1299-CM) on the 4 th day, and 74.93 ± 1.715 for the experimental group and 60.42 ± 2.465 for the control group on the 5 th day (Supplementary Figs. S1A and S1B). Next, we observed that, in the experimental groups, IGFBP3 expression levels were significantly up-regulated as compared to that in the control groups, as confirmed by qRT-PCR ( Supplementary  Fig. S1C ) and western blot analyses ( Supplementary Fig.  S1D ). These data suggested that the brain microenvironment might up-regulate the expression of IGFBP3 in A549 and H1299 lung adenocarcinoma cells, which may be involved in the progression of migration and invasion by LUAD cells. In the following experiments, we selected the commonly used A549 as the representative cell line to further explore the role of IGFBP3 in brain metastasis of lung adenocarcinoma and its potential mechanism.
Overexpression of IGFBP3 promoted epithelial-mesenchymal transition (EMT) of A549 cells
Previous studies have shown that EMT plays a vital role in IGFBP3 promotion of tumor metastasis (Natsuizaka et al., 2010) . To explore whether overexpression of IGFBP3 would more clearly change cell migration, we verified the expression levels of some EMT-associated genes by qRT-PCR and western blot analyses. First, overexpression of IGFBP3 in
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A549 cells was induced by transfection of the lentivirus vector expressing IGFBP3. A549 cells transfected with an empty vector served as controls. Second, we performed qRT-PCR and western blot analyses to confirm the transfection efficiency ( Figs. 2A and 2B ). Finally, we evaluated the expression level of some EMT-associated genes. The results showed that the up-regulation of IGFBP3 was accompanied with the downregulation of epithelial marker E-cadherin and up-regulation of mesenchymal marker N-cadherin (Figs. 2C and 2D ).
IGFBP3 accumulation was required for TGF-β-induced EMT
There is an increasing amount of evidence showing that TGF-β signaling is an essential inducer of EMT in various cancers, including NSCLC (David et al., 2016; Gregory et al., 2011; Li et al., 2018) . Therefore, we investigated the role of IGFBP3 in TGF-β-induced EMT. The presence of TGF-β triggered the transition of A549 cells from a cobblestone-like morphology to an elongated shape that is associated with increased cell scattering (Fig. 3A) . In line with the morphological changes, we also found by western blotting that the expression levels of E-cadherin were significantly decreased and those of N-cadherin were increased following TGF-β1 treatment of A549 cells at 48 h post-treatment. In addition, IGFBP3 expression levels were increased following TGF-β1 treatment (Fig. 3B) . Next, we transfected A549 cells with si-IGFBP3-RNA (si-BP3-1, si-BP3-2, or si-BP3-3) or a negative control si-RNA (Con) and then performed qRT-PCR to determine the interference efficiency of the IGFBP3-siRNA. The results showed that si-BP3-2 effectively attenuated the expression of IGFBP3 (Fig. 3C) . Based on these findings, we chose si-BP3-2 for use in the subsequent experiment. Results demonstrated that the si-BP3-2-induced down-regulation of IGFBP3 remarkably decreased TGF-β-induced EMT and that si-BP3 significantly restored E-cadherin expression and impaired N-cadherin expression in the presence of TGF-β1 (Fig. 3D) . These results suggested that IGFBP3 accumulation was required for the induction of EMT and cell motility in response to TGF-β. we performed in vitro migration and invasion assays using A549 cells. As shown in Fig. 4A , migration (291.0 ± 13.65) and invasion (126.7 ± 7.796) of A549 cells were remarkably promoted by the transfection of the cells with an IGFBP3-expressing vector. In contrast, transfection with control vector had no significant effect on the migration (194.7 ± 15.62) or invasion (84.00 ± 3.606) of the cells (p < 0.01) by A549 cells. Next, we used si-BP3-2 to interfere with the expression of IGFBP3 in the A549 cells and observe changes in both migration and invasion phenotypes. We found that migration (183.3 ± 6.936) and invasion (74.33 ± 8.570) of A549 cells were significantly inhibited by transfection with si-BP3-2 compared with the migration (380.7 ± 12.03) and invasion (145.3 ± 7.265) of the control group (Fig. 4B) . These data confirmed that the up-regulation of IGFBP3 probably promoted invasion and migration by A549 cells.
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Smad4 and IGFBP3 were synergistic in the induction of A549 cell motility Our results indicated that IGFBP3 might promote TGF-β-induced EMT of A549 cells. It has been previously shown that TGF-β-mediated EMT is primarily dependent on canonical TGF-β/Smad signaling (Bardeesy et al., 2006; Pardali and Moustakas, 2007) . The aim of this series of experiments in the current study was to determine the relationship between IGFBP3 and the Smad family. We first investigated changes in the genetic expression of Smad family members when IGFBP3 expression was altered. Results from qRT-PCR showed that expression from Smad1, Smad4, Smad6, and Smad7 were higher in the IGFBP3 overexpression group compared with that in the control group (Fig. 5A) . Previous studies have revealed that Smad4 is the key molecule for TGF-β-induced EMT (Cheng et al., 2015; Hesling et al., 2011) and that it promotes breast cancer bone metastasis through TGF-β-induced EMT (Deckers et al., 2006) . Therefore, we next investigated whether Smad4 acted as a downstream target gene to mediate the pro-metastatic role of IGFBP3 in A549 cells. First, we detected the expression levels of Smad4 in IGFBP3-overexpressing A549 cells. The results indicated that Smad4 expression was increased when IGFBP3 was up-regulated (Figs. 5B and 5C) . Inversely, the down-regulation of IGFBP3 was accompanied by the downregulation of Smad4 (Figs. 5D and 5E ). Second, we evaluated the effect of Smad4-siRNA (si-Smad4) being transiently transfected into A549 cells that had been stably transfected with IGFBP3 vector or empty control vector. As expected, following transfection with si-Smad4, even if IGFBP3 was overexpressed, migration and invasion of A549 cells were significantly inhibited (Figs. 5F and 5G ). These findings confirmed that IGFBP3 might promote cell migration and invasion by targeting Smad4 in A549 cells.
Overexpression of IGFBP3 in Metastatic LUAD
To explore the clinical significance of IGFBP3 in LUAD progression, we examined IGFBP3 expression using IHC. Examination of LUAD primary lung tissue specimens revealed that In contrast, only 13.3% (2/15) of the control group specimens expressed detectable levels of IGFBP3 (Fig. 6 ), which was a significant difference (Pearson Chi-Square, p = 0.006).
Meanwhile, we found that lung cancer tissue specimens with distant metastasis (17/25, 68%) had higher expression levels of IGFBP3 compared to those without metastasis (5/15, 33.3%; Pearson Chi-Square, p = 0.033). This was especially the case in lung cancer tissue specimens with brain metastasis (8/10, 80%) in which IGFBP3 expression was (Fig. 6 and Table 2 ).
DISCUSSION
NSCLC represents about 85% of all pulmonary carcinomas and is the leading cause of cancer-related death worldwide (Siegel et al., 2016) . Despite recent progress in the clinical treatment of NSCLC, the mortality rate has not been noticeably reduced, mainly due to the potential of tumor cells to metastasize (Dragoj et al., 2017) , with the brain being the most common metastatic site of lung cancer (Sul and Posner, 2007) . Early prevention and control of lung cancer is a vital node for lung cancer treatment. Thus, it is necessary to explore further the regulation of signaling molecules involved in brain metastasis of LUAD.
In the metastatic process, the microenvironment of the metastatic site plays an important role in tumor cells invasion into the target tissues (Fidler et al., 2002) . In the brain, astrocytes are the most abundant cell population and contribute to the colonization, invasion, and movement of tumor cells (Balkwill and Mantovani, 2001; Fitzgerald et al., 2008) . Astrocytes can produce many chemokines (Noda et al., 2012) , some of which can promote the orientation of tumor cells to brain metastasis (Seike et al., 2011) . Thus, in the current study, we used the astrocytes-conditioned medium to simulate the brain microenvironment. Previous studies have shown that IGFBP3 expression is increased in patients with bone metastasis of lung cancer (Sun et al., 2015) , liver and lymph node metastasis of pancreatic endocrine carcinoma (Hansel et al., 2004) , distant metastasis of nasopharyngeal carcinoma (Bao et al., 2016) and melanoma (Xi et al., 2006) , and lymph node metastasis of oral squamous cell carcinoma (Yen et al., 2015; Zhong et al., 2008) . However, the role of IGFBP3 in brain metastasis of lung cancer remains unclear. Therefore, we first evaluated the changes in the migration capacity of LUAD cells (A549 cells or H1299 cells) cultured in the astrocytes-conditioned medium (HA1800-CM) using wound healing assays. The results revealed that the healing potential of the cells treated with HA1800-CM was significantly higher compared to that in the control group treated with A549-CM or H1299-CM (Figs. 1A and 1B; Supplementary Figs. S1A and S1B). This was especially the case on the 4th and 5th days post-treatment. Hence, we hypothesized that A549 cells cultured in HA1800-CM underwent alterations in genetic expression, which promoted tumor cell migration and metastasis. Therefore, we used microarray analysis to explore the differential gene-expression changes for tumor cells in the microenvironment with astrocytes, which increased the motility of tumor cells (Fig. 1C) . We found that IGFBP3 was significantly up-regulated and that it was the gene with the most significant level of increased expression. We verified the microarray data by qRT-PCR and western blot analyses (Figs. 1D and 1E) . Consistent with the results of the wound healing assays, IGFBP3 was significantly elevated on days 4 and 5 post-treatment.
EMT is a key step in early tumor invasion and metastasis (Kim et al., 2018; Thiery et al., 2009) and is marked by the repression of epithelial markers and induction of mesenchymal markers (Thiery, 2002) . Previous studies have shown that EMT plays an important role in IGFBP3 promotion of tumor metastasis (Natsuizaka et al., 2010) . Our current study showed that the up-regulation of IGFBP3 was accompanied with the down-regulation of epithelial marker Ecadherin and the up-regulation of mesenchymal marker Ncadherin (Figs. 2C and 2D ). TGF-β signaling is an essential inducer of EMT in various cancers, including NSCLC (David et al., 2016; Gregory et al., 2011) . Thus, we investigated the role of IGFBP3 in TGF-β-induced EMT and found that TGF-β triggered the transition of A549 cells from a cobblestone-like morphology to an elongated shape associated with increased cell scattering (Fig. 3A) . In line with the morphological changes, the expression of E-cadherin was significantly decreased, and N-cadherin was increased in A549 cells following TGF-β1 treatment (Fig. 3B) , while the knockdown of IGFBP3 by si-RNA (Fig. 3C) remarkably restored E-cadherin expression and impaired N-cadherin in the presence of TGF-β1 (Fig. 3D) . These results suggested that IGFBP3 accumulation was required for the induction of EMT and cell motility in response to TGF-β.
To investigate whether IGFBP3 promoted LUAD metastasis in vitro, we performed migration and invasion assays in A549 cells and found that the overexpression of IGFBP3 increased the migration and invasion of A549 cells (Fig. 4A ).
In contrast, knockdown of IGFBP3 resulted in the significant inhibition of A549 cell migration and invasion (Fig. 4B) . Next, we started to identify potential downstream genes. Previous studies have demonstrated that Smad4 is the key molecule to TGF-β-induced EMT (Cheng et al., 2015; Hesling et al., 2011) . Colon cancer lymph node metastasis and breast cancer bone metastasis are associated with up-regulation of Smad4 (Deckers et al., 2006; Ioannou et al., 2018) . It has been reported that in lung metastasis of liver cancer, IGFBP3 and Smad4 are up-regulated (Yumoto et al., 2005) . Therefore, we investigated whether Smad4 might be a downstream gene of IGFBP3. The results showed that Smad4 expression was increased when IGFBP3 was up-regulated (Figs. 5B and 5C) while, the down-regulation of IGFBP3 was accompanied by the down-regulation of Smad4 (Figs. 5D and 5E) . After the knockdown of Smad4, the migration and invasion of A549 cells were significantly inhibited, even though IGFBP3 was overexpressed (Figs. 5F and 5G).
The in vivo significance of IGFBP-3 overexpression was further confirmed using both human lung and human brain specimens. We examined the expression of IGFBP3 in normal lung tissues, lung cancer tissues, and brain metastatic lesions by IHC. Our results indicated that compared with that of normal lung tissues, IGFBP3 was highly expressed in the tumor specimens. Moreover, lung tissues with distant metastasis had higher expression levels of IGFBP3 than did those without metastasis. This was especially the case in lung tissues with intracranial metastasis. Prominent expression of IGFBP3 was also confirmed in brain metastatic lesions. Although the up-regulation of IGFBP3 may mediate brain metastasis in LUAD, more detailed in vivo studies on IGFBP3 are still needed. In addition, more lung adenocarcinoma cell lines will be used in our next set of studies to verify the protumor brain-metastatic effects of IGFBP3 and its mechanism.
In brief, our findings demonstrated that IGFBP3 was able to promote A549 cells migration, invasion, and EMT and may play an important role in the TGF-β/Smad4 pathway. In vivo, human tissues demonstrated that IGFBP3 was highly expressed in pulmonary cancerous tissues with brain metastasis and in intracranial metastatic lesions. Therefore, IGFBP3 might serve as a potential therapeutic target for the treatment of lung adenocarcinoma brain metastasis.
Note: Supplementary information is available on the Molecules and Cells website (www.molcells.org).
